We investigate here, by applying dispersion-corrected theoretical methods, the energy stability of dimers formed by [n]cycloparaphenylene molecules (n = 5, 6, 7, 8, 10, and 12 being the number of benzene rings strained to form the nanoring) when they self-assemble in crystalline samples. Their cyclic topology confers to these samples a rich variety of dimer orientations, i.e. tubular or herringbone-like, according to the nanoring size, with the final form of their crystal packing depending subtly on the energy difference and the number of symmetry-related repetitions between these two microstructures. We finally calculate the cohesive energies for the illustrative cases n = 6 and n = 12, through the interaction energies of the unique and symmetry-related supramolecular motifs found, to finally understand the driving forces between the emergence of nanochannel-like structures.
The hypothetical self-assembly of the latter templates, based on C 2 H additions and subsequent hydrogen abstraction, has been theoretically described in some detail, 20 which might pave the way toward a mechanism for the growth of SWCNT with fine-tuned diameters. 21 Therefore, the longitudinal growth of these CPPs precursors is a very promising alternative,
22
although is still not free from experimental difficulties due to the expected formation of some cationic species and then reactive intermediates. 23 However, recent progress are also made to disclose new synthetic routes, with short reaction steps and high yields.
24
Complementarily to the fine-tuning of challenging synthetic routes, one would benefit from understanding and rationalizing the energy stability of weakly bound CPPs molecules, because they are known to spontaneously self-assemble in the solid-state. In fact, the molecular arrangements found in their crystalline state show very directional and close intermolecular contacts, with varying molecule-to-molecule orientations 25 depending on their size n. Therefore, finding out which interactions are favored with respect to others may help to ascertain the growth or elongation paths that can be further exploited.
To this end, we will investigate in the following the energy of all existing dimers (i.e. two interacting molecules extracted from crystalline samples of
[n]CPP) by means of accurate computational methods taking into account the non-covalent forces operating between the interacting entities. We devote the following section to underline the main features of the theoretical methods used, to tackle next the calculation of supramolecular (i.e. dimer) interaction energies, which will we subsequently used to estimate cohesive energies and rationalize further their crystalline structures.
Computational details
The structure of all the unique dimers considered is extracted from their respective crystalline forms, and used rigidly herein. We processed the corresponding files with the Mercury program. 26 Solvent molecules were conveniently removed in [7] CPP and [12] CPP cases to exclusively investigate the non-covalent interactions between chemically relevant pairs of [n]CPP molecules. These solvent molecules were always found occluded within the cavity of the compounds, and are thus not expected to greatly affect the conclusions reached here for the studied intermolecular interactions between neighbouring dimers in the crystal. The intermolecular interaction energy of every dimer, ∆E int , which depends upon the mutual geometrical arrangement of the isolated subunits or monomers, is calculated by subtracting the energy of both monomers at the dimer geometry (Q dimer ) to that of the interacting dimer:
with a negative value thus implying a bound dimer stabilized mostly by weak (i.e., non-covalent) interactions. We efficiently take into account all existing, intra-and intermolecular, non-covalent interactions by resorting to the B3LYP-D3(BJ) dispersion-corrected functional, in which a pairwise correction -D3(BJ) 28, 29 is added to the electronic B3LYP energy 30,31 of both dimer and monomer subunits. The form of the correction is given by:
where A and B represent all interacting atoms within the dimer, R AB are the corresponding distances, C AB n are the nth-order interatomic dispersion coefficients, s n are functional-dependent parameters, and f n (R AB ) is a damping function able to switch the above energy contribution from short-to longrange interatomic distances. This way of adding the non-covalent energy, E D3 at a fixed structure, to the electronic energy self-consistently computed with the B3LYP method, has itself revealed as a very efficient and accurate method. 32 We will use in the following the large cc-pVTZ basis set, to avoid as much as possible basis set incompleteness issues such as the Basis Set Superposition Error, and will increase all the default numerical thresholds (e.g.
Int=Ultrafine). The calculations were done with the Gaussian 09 package. Table 2 , following the same order than in Figure 2 . The evolution and magnitude of these interaction energies allow us to briefly underline here some of the main findings:
• The herringbone ("T"-or "V"-shaped) driven pattern seems to be en- • For the [5] CPP ([6]CPP) case, the lowest-energy dimer exceeds by 53 % (55 %) the following energy value. This excess are much less pronounced for the rest of the compounds, which would help to explain the particular solid-state form found for the [6] CPP samples.
[5]CPP
The synthesis of the smallest (C 30 H 20 ) member of the family, with a diameter of 6.8Å and then highly strained, was recently accomplished 34 and its (refined) crystalline structure concomitantly obtained. Table 1 for an hexagonal R−3 space group. 36 The strain enthalphy, that is the energy needed to close the para-phenylene units into the corresponding nanoring, calculated at the B3LYP-D3(BJ)/6-31+G* level, decreases from 
[7]CPP
The selective synthesis of [7] CPP was also recently accomplishedextended to a large set of [n]CPP compounds. 39 The solid-state samples, although the compound could only be crystallized with stoichiometry C 48 H 40 , 
Cohesive energies
The cohesive or lattice energy, U , is defined usually as the amount of energy required to separate a mole of the solid into a gas of its constituent molecules. We will estimate it here through the sum of energies of all interacting yet unique molecular pairs,
being m i the number of unique pairs in which the supramolecular sample can be decomposed, and ∆E Figures 3 and 4 , respectively, from which one can infer the value of m i after looking at the number of dimer interactions from a molecule chosen as reference. For [6] CPP, and going from left to right into the rows of Table 2 gathering the interaction energies, m i equals to 2, 2, 4, and 6, respectively, for the tubular-like, laterally interacting and diagonal dimers. This is also the order (from left to right) followed in Figure 2b . Feeding now Eq. (3) with these values, it leads to a cohesive energy U = 51.63 kcal/mol, considerably high as compared with other polycyclic aromatic hydrocarbons. 53 If
we switch now to the [12] CPP supramolecular structure, m i = 2 in all cases, it leads to a cohesive energy U = 57.55 kcal/mol, and thus slightly higher than that obtained for [6] CPP.
Rationalization of the results
There exists a set of models to predict sublimation (or lattice) energies of compounds from their molecular structure (or connectivity) and/or their molecular properties. For instance, some specific equations derived for aromatic hydrocarbons using only atom types and their bonded environment, If we weight now the relative contribution of each dimer (i.e. crystallographic direction of growing) to the cohesive energy, by using a simple expression such as:
we can estimate, neglecting kinetic and disorder effects, the percentage given by every dimer to the cohesive energy. In the case of [6] CPP, the tubular dimer contributes to 27.5 %, the parallel-like with 45.7 %, and the diagonal with 26.7 %, indicating a slightly biased preference for a layered growth concomitantly with an epitaxial mechanism. On the other hand, the corresponding values for [12] CPP are 32.1 % for the tubular-like and 28.0 % for the herringbone, largely separated from the rest of dimer interactions.
These values allow us to ascertain a concerted 2D-like growth, possibly with a strong interplay between the nanochannel-like direction and the herringbone interactions at both sides of it.
With this information in mind, we therefore look at the experimental solid-state density of samples of both cyclic (i.e.
[n]CPP) and linear (i.e.
[n]PP) compounds. This density smoothly decreases as a function of the system size for [n]CPP compounds (see Table 1 
Conclusions
The cyclic topology of the n-ring oligomers of CPP critically determines their crystalline packing. When this packing is analyzed in much more detail through all the existing structural dimers, we found some regularity for the corresponding microstructures (that is the orientation between the pair of interacting molecules zoomed in) despite the different unit cell parameters and the space groups to which the compounds belong to.
We have systematically calculated the non-covalent association energy for all existing dimers, using a robust dispersion-corrected DFT method with large basis sets. The herringbone pattern is present in for all cases (except for [6] CPP) which is typical of the packing of other polyciclic aromatic hydrocarbons, particularly for the linear analogues of the systems studied here.
The tubular pattern, two superimposed (although slightly slipped) molecules with the shortest C-C separation roughly around 4Å, is also found in all cases, except for [5] CPP. This dimer is found here to be the lowest in energy independently of the oligomer size.
We have also calculated the cohesive energy for [6] [n]CPP ∆E int (kcal/mol) • Figure 1 . Chemical structure of the investigated [n]CPP compounds.
• Figure 2 . Interaction energies of all unique dimers found for the
[n]CPP, as calculated at the B3LYP-D3(BJ)/cc-pVTZ level: (a) [5] CPP, (b) [6] CPP, (c) [7] CPP, (d) [8] CPP, (e) [10] CPP, and (f) [12] CPP. The dashed line is a guide to the eye.
• Figure 3 . Supramolecular arrangement of [6] CPP in the crystalline state. The H atoms and corresponding C-H bonds have been omitted for clarity. The reference molecule, from which the number of uniquely symmetry-interacting dimers is determined, is blue-coloured.
• 
